Optomechanical response with nanometer resolution in the self-mixing
  signal of a terahertz quantum cascade laser by Ottomaniello, Andrea et al.
Optomechanical response with nanometer resolution in the self-mixing
signal of a terahertz quantum cascade laser
Andrea Ottomaniello,1, 2 James Keeley,3 Pierluigi Rubino,3 Lianhe Li,3 Marco Cecchini,2 Edmund H. Linfield,3 A.
Giles Davies,3 Paul Dean,3 Alessandro Pitanti,2 and Alessandro Tredicucci1, 2
1)Dipartimento di Fisica "E. Fermi", Università degli studi di Pisa, 561217 Pisa, Italy
2)NEST, CNR -Istituto Nanoscienze and Scuola Normale Superiore, Piazza San Silvestro 12, 56127 Pisa,
Italy
3)School of Electronic and Electrical Engineering, University of Leeds, Leeds LS29JT,
United Kingdom
(Dated: 21 June 2019)
The effectiveness of self-mixing interferometry has been demonstrated across the electromagnetic spectrum, from vis-
ible to microwave frequencies, in a plethora of sensing applications, ranging from distance measurement to material
analysis, microscopy and coherent imaging. Owing to their intrinsic stability to optical feedback, quantum cascade
lasers (QCLs) represent a source that offers unique and versatile characteristics to further improve the self-mixing func-
tionality at mid-infrared and terahertz (THz) frequencies. Here, we show the feasibility of detecting with nanometer
precision deeply subwalength (< λ /6000) mechanical vibrations of a suspended Si3N4-membrane used as the external
element of a THz QCL feedback interferometric apparatus. Besides representing a platform for the characterization
of small displacements, our self-mixing configuration can be exploited for the realization of optomechanical systems,
where several laser sources can be linked together through a common mechanical microresonator actuated by radiation
pressure.
The self-mixing (SM) effect describes the mixing of the
intracavity electromagnetic field of a laser with its emit-
ted radiation partially reinjected into the laser cavity1. Al-
though such optical feedback (OF) can be detrimental to laser
operation2, the SM effect can also be exploited for metro-
logical applications3, through a technique known as laser-
feedback interferometry (LFI)4. This homodyne technique,
in which the laser acts simultaneously as source, mixer and
shot-noise limited detector, allows retrieval of information
about the external cavity, comprising the target and the ex-
ternal medium, by monitoring the response of the laser to OF.
Thanks to the universal and simple character of the SM phe-
nomenon, its functionality has been demonstrated from the
visible to the microwave range using laser systems as diverse
as gas lasers5, solid-state lasers6 and semiconductor lasers7.
This has led to the development of a large number of sensing
applications8,9 ranging from displacement measurement10 to
material analysis11, laser emission spectrometry12 and coher-
ent imaging13,14. Among all kinds of semiconductor lasers,
quantum cascade lasers (QCLs) allow further simplification
of the SM scheme thanks to their intrinsic voltage sensitiv-
ity to OF. This allows the SM modulation to be measured
directly, and with high sensitivity15, via the voltage vari-
ation across the active region with no need for an exter-
nal photodector16. Moreover, QCLs exhibit peculiar ultra-
stability to OF17, due to their small linewidth enhancement
factor18 (0 < |α| < 1) and long photon to carrier lifetime ra-
tio. These unique and versatile characteristics offer an oppor-
tunity for the development of high performance LFI schemes
operating at mid-infrared and terahertz (THz) frequencies, for
coherent imaging19 and displacement sensing20,21. In fact,
despite the relatively long wavelength, nanometer target dis-
placements as low as λ/100 have been measured by adding a
fast moving etalon in the external cavity22.
In this letter, we report a significant improvement of
nanometer displacement sensing by showing the detection of
deeply subwavelength vibrations (< λ/6000) of a suspended
mechanical resonator, by employing a 3.34 THz QCL operat-
ing in continuous-wave (CW). The experimental results have
been validated by solving the Lang-Kobayashi (LK) model23
in the steady-state regime after calibration of the absolute
membrane position. Furthermore, the measured oscillation
amplitudes are shown to be in agreement with independent
measurements performed using a laser Doppler vibrometer
(LVD) operating in the visible region.
We chose as an external element a Si3N4 trampoline mem-
brane, which is an optimum candidate for interferometric
readout and optomechanical applications24,25. Such mem-
branes have already been used to observe optomechanical fea-
tures in an infrared laser diode SM configuration26.
A SEM image of the fabricated sample is shown in FIG. 1(a).
The structure is composed of a 300-nm-thick, 300-µm-
wide suspended central pad held at each corner by 10-µm-
wide tethers anchored at the vertices of a 1-mm-side squared
window. Details of the sample fabrication can be found
elsewhere26. The membrane pad dimensions were chosen in
order to increase the level of OF for SM measurements by
creating a reflective surface of size comparable to the focused
THz beam spot size (∼ 250 µm). To further increase the re-
flectivity, a 10-nm-thick gold layer was thermally evaporated
over the entire membrane surface to produce an almost totally
reflective target. The sample was directly glued on the top sur-
face of a piezoelectric ceramic actuator with the fundamental
out-of-plane mechanical resonance at ∼ 100 kHz. By excit-
ing the piezo-actuator, the membrane motion was driven and
its mechanical response could be investigated. The system
composed of the piezo-actuator and membrane sample was
mounted inside a vacuum chamber allowing control of the en-
vironmental pressure. An initial membrane characterization
was performed using a commercial high spatial-resolution
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FIG. 1. (a) SEM image of the Si3N4 membrane. (b) Membrane
mechanical spectrum measured at atmospheric pressure at the mem-
brane center using the LDV. Inset: zoom of the fundamental reso-
nance and corresponding fit (dashed line) using Eq. 2.
LDV (Polytech UHF 120). By applying a flat spectrum volt-
age excitation to the piezo-actuator, the resonant mechanical
modes of the membrane could be observed.
Lock-in Amp
VinRef
Piezo 
Driver
Vacuum chamber
Piezo Membrane
VAC
Laser Driver
QCL
Cryostat
THz 
beam
SM signal
Vacuum chamber
Chopper 
Driver
Motorized  
Stage
Target
Conf. 1
Conf. 2
PC
(a)
⌫
<latexit sha1_base64="BR0ERpZukPdKiSD+BerR0g5dHQw=">AAAB9XicbVC7TsNAED zzDOEVoKQ5ESFRRTZCgjKChjII8pCSKFpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen4YFFJjU2SpLATGYTA V9j2J1eZ335AY2Wo72gaYT+AsZYjKYBS6ban40Gl6tbcHHyReAWpsgKNQeWrNwxFHKAmocDarudG1E/AkBQKZ+VebDECMYExdlOqIUDbT/KoM34cW6CQR2i4VDwX8fdGAoG108BPJw OgezvvZeJ/Xjem0UU/kTqKCbXIDpFUmB+ywsi0A+RDaZAIsuTIpeYCDBChkRyESMU4LaWc9uHNf79IWqc1z615N2fV+mXRTIkdsiN2wjx2zursmjVYkwk2Zk/smb04j86r8+a8/4wu OcXOAfsD5+MbB9aSXA==</latexit><latexit sha1_base64="BR0ERpZukPdKiSD+BerR0g5dHQw=">AAAB9XicbVC7TsNAED zzDOEVoKQ5ESFRRTZCgjKChjII8pCSKFpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen4YFFJjU2SpLATGYTA V9j2J1eZ335AY2Wo72gaYT+AsZYjKYBS6ban40Gl6tbcHHyReAWpsgKNQeWrNwxFHKAmocDarudG1E/AkBQKZ+VebDECMYExdlOqIUDbT/KoM34cW6CQR2i4VDwX8fdGAoG108BPJw OgezvvZeJ/Xjem0UU/kTqKCbXIDpFUmB+ywsi0A+RDaZAIsuTIpeYCDBChkRyESMU4LaWc9uHNf79IWqc1z615N2fV+mXRTIkdsiN2wjx2zursmjVYkwk2Zk/smb04j86r8+a8/4wu OcXOAfsD5+MbB9aSXA==</latexit><latexit sha1_base64="BR0ERpZukPdKiSD+BerR0g5dHQw=">AAAB9XicbVC7TsNAED zzDOEVoKQ5ESFRRTZCgjKChjII8pCSKFpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen4YFFJjU2SpLATGYTA V9j2J1eZ335AY2Wo72gaYT+AsZYjKYBS6ban40Gl6tbcHHyReAWpsgKNQeWrNwxFHKAmocDarudG1E/AkBQKZ+VebDECMYExdlOqIUDbT/KoM34cW6CQR2i4VDwX8fdGAoG108BPJw OgezvvZeJ/Xjem0UU/kTqKCbXIDpFUmB+ywsi0A+RDaZAIsuTIpeYCDBChkRyESMU4LaWc9uHNf79IWqc1z615N2fV+mXRTIkdsiN2wjx2zursmjVYkwk2Zk/smb04j86r8+a8/4wu OcXOAfsD5+MbB9aSXA==</latexit><latexit sha1_base64="BR0ERpZukPdKiSD+BerR0g5dHQw=">AAAB9XicbVC7TsNAED zzDOEVoKQ5ESFRRTZCgjKChjII8pCSKFpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen4YFFJjU2SpLATGYTA V9j2J1eZ335AY2Wo72gaYT+AsZYjKYBS6ban40Gl6tbcHHyReAWpsgKNQeWrNwxFHKAmocDarudG1E/AkBQKZ+VebDECMYExdlOqIUDbT/KoM34cW6CQR2i4VDwX8fdGAoG108BPJw OgezvvZeJ/Xjem0UU/kTqKCbXIDpFUmB+ywsi0A+RDaZAIsuTIpeYCDBChkRyESMU4LaWc9uHNf79IWqc1z615N2fV+mXRTIkdsiN2wjx2zursmjVYkwk2Zk/smb04j86r8+a8/4wu OcXOAfsD5+MbB9aSXA==</latexit> modConf. 1
Conf. 2
(b)
0 50 100 150 200
L [ m]
0
2
4
6
8
N
104
1.5
2
2.5
V S
M
 [m
V]
 
FIG. 2. (a) Sketch of the two configurations of the SM apparatus.
(b) Calculated ∆N (blue curve), and measured VSM (red points), as a
function of ∆L using configuraton 1.
From the spectrum shown in FIG. 1(b), obtained at atmo-
spheric pressure, the fundamental mechanical mode is ob-
served to be well separated from the higher order modes.
Moreover, with the membrane oscillating orthogonally to the
chip-plane, this particular mode ensures that the full THz
wavefront reflected from the membrane experiences the same
external optical path, thus contributing with the same phase to
the SM effect. This makes the fundamental vibrational mode
particularly suitable for coherent measurements of membrane
vibrations by LFI26and, as such, subsequent measurements
here focus on this mode. A complete LDV characterization
of the membrane motion as a function of pressure was per-
formed, and is reported for convenience in the Supplemen-
tary Material. The data was analysed by modelling the mem-
brane as a one-dimensional driven harmonic oscillator. Defin-
ing A(t) and a(t) as the positions of the membrane trampoline
and of the tether clamps (moving with the piezo driver) with
respect to their common rest positions A= a= 0, respectively,
the membrane equation of motion can be written as:
A¨(t)+ γA˙(t)+ω2m[A(t)−a(t)] = 0 (1)
where ωm is the pressure-dependent membrane resonance an-
gular frequency and γ is the membrane damping coefficient.
The oscillation amplitude can be obtained from the imaginary
part of the solution, A(ω), in the frequency domain:
Im[A(ω)] =
γω
(ω2m−ω2)2+(γω)2
ω2ma0 (2)
where a0 is the maximum driving oscillation amplitude.
By fitting the displacement spectra using Eq. 2, we obtain
for each investigated pressure the values of the resonance fre-
quency ωm/2pi , the quality factor Q = ωm/γ and the oscilla-
tion amplitude at the resonance frequency Amax. As the en-
vironmental pressure decreases these three quantities mono-
tonically increase up to a saturation level. The resonance fre-
quency and quality factor change from ωm/2pi ∼ 67.9 kHz
and Q∼ 40±2, respectively, at atmospheric pressure (see in-
set of FIG. 1(b)) to ∼ 73.4 kHz and ∼ 200± 10 at pressure
∼ 7.3×10−3 mbar.
A schematic diagram of the experimental apparatus for the
THz LFI measurements is presented in FIG. 2(a). We used
a THz QCL consisting of a 14-µm-thick GaAs-AlGaAs ac-
tive region with growth details reported in the literature27.
The device was fabricated as a single-metal ridge with lon-
gitudinal and transversal dimensions of 1.8 mm and 150 µm,
respectively. The laser was driven in CW mode with a cur-
rent equal to 510 mA and was maintained at a temperature
of 25K using a continuous-flow cryostat. Under these condi-
tions the QCL provided stable single mode emission at 3.34
THz and a large SM response15,27. The THz beam passing
through the polythene window of the cryostat was collimated
and focused (using two f/2 off-axis parabolic reflectors with
diameter 50.8 mm) onto the trampoline membrane which con-
stituted the mirror of the external cavity providing OF to the
laser. The vacuum chamber containing the membrane was
fixed to a motorized stage allowing the external optical cavity
length L between the target and the QCL emission facet to be
micrometrically changed. The LFI apparatus was used in two
configurations. In the first configuration (conf. 1 in FIG. 2(a)),
the membrane motion was not excited and the membrane was
translated towards the laser facet in 2 µm-long steps paral-
lel to the beam propagation direction. The QCL SM volt-
age VSM was measured by a lock-in amplifier synchronized
3to the optical modulation frequency (νmod = 212 Hz) imposed
to the THz beam by a mechanical chopper placed in front of
the vacuum chamber. In the second configuration (conf. 2
in FIG. 2(a)) the membrane equilibrium position was instead
kept fixed, but the membrane vibrated at the frequency of the
piezo driving excitation, in turn used as the reference of the
lock-in amplifier.
To model the SM voltage signal as a function of the tar-
get position we used the steady-state solutions of the Lang-
Kobayashi equations describing the laser under OF23. This
was done by evaluating the laser emission frequency under
OF, ωF, by numerically solving the so-called excess phase
equation:
ω0−ωF = kτext
√
1+α2 sin(ωFτext+ arctanα) (3)
where ω0 is the laser emission frequency without feedback,
τext = 2L/c is the round-trip time in the external cavity, α is
Henry’s linewidth enhancement factor and k is the OF cou-
pling rate. Using the conventional three mirrors model in the
weak feedback regime, where only one reflection from the
target is considered, k can be written as k = ε
√
Rext
R (1−R),
in which ε , R and Rext are the coupling-efficiency factor and
the reflectivities of the target and laser emission facet, respec-
tively.
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FIG. 3. (a) MeasuredVSM as a function of the drive frequency for dif-
ferent applied voltages at P= 0.5 mbar. Inset: computed (red dashed
line) and experimental (red crosses) VSM spectrum with 1VRMS ap-
plied to the piezo actuator. (b) Measured (red squares) and calculated
(dashed line)VmaxSM as a function of A
max. Inset: LDV-measured Amax
corresponding to the experimental points in the main graph for the
same biases and pressure reported in (a).
The parameter ωF obtained from Eq. 3 determines the laser
carrier number variation ∆N from the threshold carrier num-
ber with and without feedback via the following equation:
∆N =− 2k
Gτc
cos(ωFτext) (4)
where G is the active region modal gain factor and τc the laser
cavity round-trip time. Starting from the initial external cav-
ity optical length, L0 = 47 cm, ∆N was calculated for each
value of L using the best fitting parameters reported in Supple-
mentary Material. The values of ∆N are plotted (blue curve)
as a function of the membrane displacement ∆L = L0 − L
in FIG. 2(b) together with the experimental values VSM (red
points) obtained with configuration 1. The theoretical values
are in good agreement with the experiment reproducing both
the same shape and typical periodicity (λF /2) of the SM sig-
nal. From comparison of these curves we obtained the propor-
tionality coefficient β between the calculated ∆N and the mea-
sured VSM, found to be 3.1×10−8 mV. It should be noted that
the calibration factor β depends on the particular value of G,
which was fixed as 1.42×104 s−1 according to common val-
ues in THz QCL literature28,29. Nevertheless, our calibration
procedure allows us to correlate experiments and simulations
independently of the value assigned to G.
SM measurements of the membrane oscillation amplitude
were then performed using configuration 2. VSM measured
at an environmental pressure of P = 0.5 mbar is reported
as a function of the drive frequency and for several RMS
drive voltages in FIG. 3(a). Using a Lorentzian spectral line-
shape as the fitting function for the data (valid in the exper-
imentally verified high-Q limit), the vibration spectra were
observed to have the same resonance frequency ωm/2pi ∼
73.43±0.01 kHz and Q∼ 198±2, independent of the bias ap-
plied to the piezo-actuator. These quantities agree with those
obtained previously with the LDV. The VSM signal measured
in response to the membrane vibrations can be modelled with
Eqs. 3-4 for the steady-state solution of the LK model. In
fact, with the limit 2pi/τext >> ωm satisfied, the membrane
position at each instant in time can be considered fixed, con-
tributing as a static external optical path for the LK equations.
The time-dependent variation of carrier number ∆N(t) cor-
responding to a certain membrane oscillation amplitude can
thus be numerically obtained by inserting into Eqs. 3-4 the
following expression for L:
L= L0+A(ω)cos(ωmt) (5)
where A(ω) is the drive frequency-dependent membrane os-
cillation amplitude (Eq. 2) evaluated using the previously fit-
ted values of γ and ωm. The total carrier number variation
corresponding to the membrane vibration at a given drive fre-
quency, ∆N(ω), can then be calculated as the peak-to-peak
amplitude of the time-oscillating ∆N(t). VSM can then be ob-
tained just multiplying ∆N(ω) by the previously retrieved β -
factor. In the inset of FIG. 3(a), the values of VSM resulting
from this model are shown to reproduce well the experimen-
talVSM measured by applying a drive bias of 1VRMS spanning
a single frequency at a time in the range 72−75 kHz. For that
drive voltage both model and experiment result in a maximum
4SM signal of ∼ 61± 1 µV obtained for a A = 355± 5 nm.
Only a small deviation between data and model was found on
the high-frequency side of the resonance, which we ascribe
to a small degree of mechanical anharmonicity of the teth-
ers’ motion not included in the model. Both the theoretical
and experimental maximum SM voltages, VmaxSM , are shown
in FIG. 3(b) as a function of the membrane maximum oscil-
lation amplitude, Amax. For the experimental points, the re-
ported values of Amax are those obtained from the LDV mea-
surements at the same piezo-actuator drive voltage as the SM
measurements, and they are shown in the inset as a function
of the applied bias. From the main graph it can be observed
that the model matches the experimental data and confirms
a linear relation between VmaxSM and A
max with a slope coeffi-
cient of 0.17± 0.01 µV/nm. This agreement implies that we
are able to detect membrane vibrations with appreciable pre-
cision (≤ 10 nm, limited by the voltage noise of our set-up)
down to deeply subwavelength oscillation amplitudes of only
a few nanometers. Specifically, the amplitude corresponding
to a SM signal≥ 3 dB above the voltage noise is∼ 15±5 nm.
0 200 350 450 600 750
Amax [nm]
0
100
200
300
Vm
ax
SM
 [
V]
L0
1: VSM (exp.)
L0
2: VSM (exp.)
L0
1: VSM (model)
L0
2: VSM (model)
(b)
0 5 10 15 20
Position [ m]
0
0.5
1
1.5
2
2.5
V S
M
 [m
V]
(d)
72 73 74 75
Drive Frequency [kHz]
0
100
200
300
V S
M
 [
V]
 0.05 V
 0.25 V
 0.5 V
 0.75 V
 1 V
 1.25 V
 1.5 V
 1.75 V
 2 V
 2.25 V
0 5 10 15 20
Position [ m]
0
100
200
300
400
500
Vm
ax
SM
 [
V]
(a)
(c)
0 5 10 15 20
Position [ m]
0
0.5
1.5
1.5
2
2.5
V S
M
 [m
V]
72 73 74 75
i requency [kHz]
0
0.2
0.4
0.6
0.8
1
V S
M
0
0.2
0.4
0.6
0.8
1
A
Harm. Osc.
Duffing Osc.
VSM (exp.)
0 200 350 450 600 750
Amax [nm]
0
100
200
300
Vm
ax
SM
 [
V]
L0
1: VSM (exp.)
L0
2: VSM (exp.)
L0
1: VSM (model)
L0
2: VSM (model)
(b)
0 5 10 15 20
Position [ m]
0
0.5
1
1.5
2
2.5
V S
M
 [m
V]
(d)
72 73 74 75
Drive Frequency [kHz]
0
100
200
300
V S
M
 [
V]
 0.05 V
 0.25 V
 0.5 V
 0.75 V
 1 V
 1.25 V
 1.5 V
 1.75 V
 2 V
 2.25 V
0 5 10 15 20
Position [ m]
0
100
200
300
400
500
Vm
ax
SM
 [
V]
(a)
(c)
0 5 10 15 20
Position [ m]
0
0.5
1.5
1.5
2
2.5
V S
M
 [m
V]
(d)
72 73 74 75
Drive Frequency [kHz]
0
0.2
0.4
0.6
0.8
1
V S
M
0
0.2
0.4
0.6
0.8
1
A
Harm. Osc.
Duffing Osc.
VSM (exp.)
72 73 74 75
Drive Frequency [kHz]
0
0.2
0.4
0.6
0.8
1
V S
M
0
0.2
0.4
0.6
0.8
1
A
Harm. Osc.
Duffing Osc.
VSM (exp.)
72 73 74 75
Drive Frequency [kHz]
0
0.2
0.4
0.6
0.8
1
V S
M
0
0.2
0.4
0.6
0.8
1
A
Harm. Osc.
ffing Osc.
 (exp.)
72 73 74 75
Drive Frequency [kHz]
0
0.2
.4
.6
.8
1
V S
M
0
.2
.4
.6
.8
1
A
Harm. Osc.
Duffing Osc.
VSM (exp.)
ffi  .
.
1
3
Drive Frequency [kHz]
0.2
0.4
0.6
0.8
V S
M
0
0.2
0.4
0.6
0.8
1
A
Harm. Osc.
Duffing Osc.
VSM (exp.)
0 0.5 1 1.5 2
Drive Voltage [V]
0
2
4
6
Am
ax
[n
m
]
 102⇥<latexit sha1_base64="wvZmBoJOegiHdY7GfTAuB/7Hu8g=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRXaEBGUEDWWQyEMkJjpfNuGU89m6WyNFVvgKWqjoEC3/QsG/cDYuIGGq0cyuZneCWAqDrvv pLC2vrK6tlzbKm1vbO7uVvf22iRLNocUjGeluwAxIoaCFAiV0Yw0sDCR0gsll5nceQBsRqRucxuCHbKzESHCGVrrtowjBeO5dfVCpujU3B10kXkGqpEBzUPnqDyOehKCQS2ZMz3Nj9FOmUXAJs3I/MRAzPmFj6FmqmA3y0/ziGT1ODMOIxqCpkDQX4fdGykJjpmFgJ0OG92bey8T/vF6Co3M/FSpOEBTPglBIyIMM18JWAXQoNCCy7HKgQlHONEMELSjj3IqJ7aZs+/Dmv18k7XrNc2ve9Wm1cVE0UyKH5IicEI+ckQa 5Ik3SIpwo8kSeyYvz6Lw6b877z+iSU+wckD9wPr4Bg+qU0g==</latexit><latexit sha1_base64="wvZmBoJOegiHdY7GfTAuB/7Hu8g=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRXaEBGUEDWWQyEMkJjpfNuGU89m6WyNFVvgKWqjoEC3/QsG/cDYuIGGq0cyuZneCWAqDrvv pLC2vrK6tlzbKm1vbO7uVvf22iRLNocUjGeluwAxIoaCFAiV0Yw0sDCR0gsll5nceQBsRqRucxuCHbKzESHCGVrrtowjBeO5dfVCpujU3B10kXkGqpEBzUPnqDyOehKCQS2ZMz3Nj9FOmUXAJs3I/MRAzPmFj6FmqmA3y0/ziGT1ODMOIxqCpkDQX4fdGykJjpmFgJ0OG92bey8T/vF6Co3M/FSpOEBTPglBIyIMM18JWAXQoNCCy7HKgQlHONEMELSjj3IqJ7aZs+/Dmv18k7XrNc2ve9Wm1cVE0UyKH5IicEI+ckQa 5Ik3SIpwo8kSeyYvz6Lw6b877z+iSU+wckD9wPr4Bg+qU0g==</latexit><latexit sha1_base64="wvZmBoJOegiHdY7GfTAuB/7Hu8g=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRXaEBGUEDWWQyEMkJjpfNuGU89m6WyNFVvgKWqjoEC3/QsG/cDYuIGGq0cyuZneCWAqDrvv pLC2vrK6tlzbKm1vbO7uVvf22iRLNocUjGeluwAxIoaCFAiV0Yw0sDCR0gsll5nceQBsRqRucxuCHbKzESHCGVrrtowjBeO5dfVCpujU3B10kXkGqpEBzUPnqDyOehKCQS2ZMz3Nj9FOmUXAJs3I/MRAzPmFj6FmqmA3y0/ziGT1ODMOIxqCpkDQX4fdGykJjpmFgJ0OG92bey8T/vF6Co3M/FSpOEBTPglBIyIMM18JWAXQoNCCy7HKgQlHONEMELSjj3IqJ7aZs+/Dmv18k7XrNc2ve9Wm1cVE0UyKH5IicEI+ckQa 5Ik3SIpwo8kSeyYvz6Lw6b877z+iSU+wckD9wPr4Bg+qU0g==</latexit><latexit sha1_base64="wvZmBoJOegiHdY7GfTAuB/7Hu8g=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRXaEBGUEDWWQyEMkJjpfNuGU89m6WyNFVvgKWqjoEC3/QsG/cDYuIGGq0cyuZneCWAqDrvv pLC2vrK6tlzbKm1vbO7uVvf22iRLNocUjGeluwAxIoaCFAiV0Yw0sDCR0gsll5nceQBsRqRucxuCHbKzESHCGVrrtowjBeO5dfVCpujU3B10kXkGqpEBzUPnqDyOehKCQS2ZMz3Nj9FOmUXAJs3I/MRAzPmFj6FmqmA3y0/ziGT1ODMOIxqCpkDQX4fdGykJjpmFgJ0OG92bey8T/vF6Co3M/FSpOEBTPglBIyIMM18JWAXQoNCCy7HKgQlHONEMELSjj3IqJ7aZs+/Dmv18k7XrNc2ve9Wm1cVE0UyKH5IicEI+ckQa 5Ik3SIpwo8kSeyYvz6Lw6b877z+iSU+wckD9wPr4Bg+qU0g==</latexit>
0 200 350 450 600 750
Amax [nm]
0
100
200
300
Vm
ax
SM
 [
V]
L0
1: VSM (exp.)
L0
2: VSM (exp.)
L0
1: VSM (model)
L0
2: VSM ( odel)
(b)
0 5 10 15 20
Position [ m]
0
0.5
1
1.5
2
2.5
V S
M
 [m
V]
(d)
2 3 74 75
Drive Frequency [kHz]
0
100
200
300
V S
M
 [
V]
 0.05 V
 0.25 V
 0.5 V
 0.75 V
 1 V
 1.25 V
 1.5 V
 1.75 V
 2 V
 2.25 V
0 5 10 15 20
Position [ m]
0
100
200
300
400
500
Vm
ax
SM
 [
V]
(a)
(c)
0 5 10 15 20
Position [ m]
0
0.5
1.5
1.5
2
2.5
V S
M
 [m
V]
(d)
72 73 74 75
Drive Frequency [kHz]
0
0.2
0.4
0.6
0.8
1
V S
M
0
0.2
0.4
0.6
0.8
1
A
Harm. Osc.
Duffing Osc.
VSM (exp.)
72 73 74 75
Drive Frequency [kHz]
0
0.2
0.4
0 6
0.8
1
V S
M
0
0.2
0.4
0.6
0.8
1
A
Harm. Osc.
Duffing Osc.
VSM (exp.)
72 73 74 75
Drive Frequency [kHz]
0
0.2
0.4
0.6
0.8
1
V S
M
0
0.2
0.4
0.6
0.8
1
A
Harm. Osc.
ffing Osc.
 (exp.)
72 73 74 75
Drive Frequency [kHz]
0
0.2
.4
.6
.8
1
V S
M
0
.2
.4
.6
.8
1
A
Harm. Osc.
Duffing Osc.
VSM (exp.)
ffi  .
.
1
2
3
Drive Frequency [kHz]
0.2
0.4
0.6
0.8
1
V S
M
0
0.2
0.4
0.6
0.8
1
A
Harm. Osc.
Duffing Osc.
VSM (exp.)
0 0. 1 1.5 2
Drive Voltage [V]
0
2
4
6
Am
ax
[n
m
]
 102⇥<latexit sha1_base64="wvZmBoJOegiHdY7GfTAuB/7Hu8g=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRXaEBGUEDWWQyEMkJjpfNuGU89m6WyNFVvgKWqjoEC3/QsG/cDYuIGGq0 cyuZneCWAqDrvvpLC2vrK6tlzbKm1vbO7uVvf22iRLNocUjGeluwAxIoaCFAiV0Yw0sDCR0gsll5nceQBsRqRucxuCHbKzESHCGVrrtowjBeO5dfVCpujU3B10kXkGqpEBzUPnqDyOehKCQS2ZMz3Nj9FOmUXAJs3I/MRAzPmFj6FmqmA3y0/ziGT1ODMOIxqCpkDQX4fdGykJjpmFgJ0OG92bey8T/vF6Co3M/FSpOEBTPglBIyIMM18JWAXQoNCCy7HKgQlHONEMELSjj3IqJ7 aZs+/Dmv18k7XrNc2ve9Wm1cVE0UyKH5IicEI+ckQa5Ik3SIpwo8kSeyYvz6Lw6b877z+iSU+wckD9wPr4Bg+qU0g==</latexit><latexit sha1_base64="wvZmBoJOegiHdY7GfTAuB/7Hu8g=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRXaEBGUEDWWQyEMkJjpfNuGU89m6WyNFVvgKWqjoEC3/QsG/cDYuIGGq0 cyuZneCWAqDrvvpLC2vrK6tlzbKm1vbO7uVvf22iRLNocUjGeluwAxIoaCFAiV0Yw0sDCR0gsll5nceQBsRqRucxuCHbKzESHCGVrrtowjBeO5dfVCpujU3B10kXkGqpEBzUPnqDyOehKCQS2ZMz3Nj9FOmUXAJs3I/MRAzPmFj6FmqmA3y0/ziGT1ODMOIxqCpkDQX4fdGykJjpmFgJ0OG92bey8T/vF6Co3M/FSpOEBTPglBIyIMM18JWAXQoNCCy7HKgQlHONEMELSjj3IqJ7 aZs+/Dmv18k7XrNc2ve9Wm1cVE0UyKH5IicEI+ckQa5Ik3SIpwo8kSeyYvz6Lw6b877z+iSU+wckD9wPr4Bg+qU0g==</latexit><latexit sha1_base64="wvZmBoJOegiHdY7GfTAuB/7Hu8g=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRXaEBGUEDWWQyEMkJjpfNuGU89m6WyNFVvgKWqjoEC3/QsG/cDYuIGGq0 cyuZneCWAqDrvvpLC2vrK6tlzbKm1vbO7uVvf22iRLNocUjGeluwAxIoaCFAiV0Yw0sDCR0gsll5nceQBsRqRucxuCHbKzESHCGVrrtowjBeO5dfVCpujU3B10kXkGqpEBzUPnqDyOehKCQS2ZMz3Nj9FOmUXAJs3I/MRAzPmFj6FmqmA3y0/ziGT1ODMOIxqCpkDQX4fdGykJjpmFgJ0OG92bey8T/vF6Co3M/FSpOEBTPglBIyIMM18JWAXQoNCCy7HKgQlHONEMELSjj3IqJ7 aZs+/Dmv18k7XrNc2ve9Wm1cVE0UyKH5IicEI+ckQa5Ik3SIpwo8kSeyYvz6Lw6b877z+iSU+wckD9wPr4Bg+qU0g==</latexit><latexit sha1_base64="wvZmBoJOegiHdY7GfTAuB/7Hu8g=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRXaEBGUEDWWQyEMkJjpfNuGU89m6WyNFVvgKWqjoEC3/QsG/cDYuIGGq0 cyuZneCWAqDrvvpLC2vrK6tlzbKm1vbO7uVvf22iRLNocUjGeluwAxIoaCFAiV0Yw0sDCR0gsll5nceQBsRqRucxuCHbKzESHCGVrrtowjBeO5dfVCpujU3B10kXkGqpEBzUPnqDyOehKCQS2ZMz3Nj9FOmUXAJs3I/MRAzPmFj6FmqmA3y0/ziGT1ODMOIxqCpkDQX4fdGykJjpmFgJ0OG92bey8T/vF6Co3M/FSpOEBTPglBIyIMM18JWAXQoNCCy7HKgQlHONEMELSjj3IqJ7 aZs+/Dmv18k7XrNc2ve9Wm1cVE0UyKH5IicEI+ckQa5Ik3SIpwo8kSeyYvz6Lw6b877z+iSU+wckD9wPr4Bg+qU0g==</latexit>
0 5 15 20
osition [ ]
0
0.5
1.5
1.5
2
2.5
V S
M
 [m
V]
0 200 350 450 600 750
Amax [nm]
0
50
100
150
200
250
300
Vm
ax
SM
 [
V]
L0
1: exp.
L0
2: exp.
L0
2: model
L0
1: model
0 1 2
Drive Voltage [V]
0
2
4
6
Am
ax
[n
m
]
 102
0 1 2
rive Voltage [V]
0
2
4
Am
ax
[n
m
]
 102
0 1 2
Dri  Voltage [V]
0
4
6
Am
ax
[n
m
]
 102
1 20 1 2rive Voltage [ ]
0
2
4
6
Am
ax
[n
m
]
 
0 200 400 600
0
2
40
60
80
100
120
Vm
ax
SM
 [
V]
experiment
 model
0
20
0
40
0
60
0
V S
M
 [n
m
]
02040608010
0
12
0
V
max
SM
 [V]
ex
pe
rim
en
t
 m
od
el
m
ax
0
20
0
40
0
60
0
V S
M
 [n
m
]
02040608010
0
12
0
V
max
SM
 [V]
ex
pe
rim
en
t
 m
od
el
0
20
0
40
0
60
0
V S
M
 [n
m
]
02040608010
0
12
0
V
max
SM
 [V]
ex
pe
rim
en
t
 m
od
el
m
ax
0
20
0
40
0
60
0
V S
M
 [n
m
]
02040608010
0
12
0
V
max
SM
 [V]
ex
pe
rim
en
t
 m
od
el
0
20
0
40
0
60
0
Am
ax
 [n
m
]
02040608010
0
12
0
V
max
SM
 [V]
ex
pe
rim
en
t
 m
od
el
FIG. 4. (a) Measured VSM as a function of the drive frequency for
different piezo applied voltages at P= 4.3×10−3 mbar. Inset: LDV
measured Amax for same piezo drive voltages. (b) Blue diamonds
and red squares: experimental VmaxSM obtained from data in (a), as a
function of Amax obtained for drive voltages until 1.25 VRMS and for
the range from 1.5 to 2.25 VRMS, respectively. Blue and red dashed
lines: calculated VmaxSM for two different membrane positions, labeled
L10 and L
2
0. The vertical dashed line refers to A
max considered in
the adjacent graph. (c) Calculated VmaxSM for A = 600 nm for various
equilibrium membrane positions. Blue dashed and red dotted lines
indicate the membrane position and VmaxSM corresponding to L
1
0 and
L20, respectively. Inset: calculated static VSM in the same range. Ver-
tical dashed and dotted lines represent the same positions. Blue and
red solid lines highlight the corresponding different slopes of VSM.
The same SM measurement was also performed at a lower
pressure (P ∼ 4.3× 10−3 mbar). The membrane vibration
spectra are shown in FIG. 4(a), while the inset reports the
LDV measurements of the maximum membrane displacement
as a function of the drive voltage. Although the maximum
amplitudes of the membrane vibrations at P = 4.3× 10−3
mbar do not significantly vary from those at P = 0.5 mbar,
the values of VmaxSM at lower pressure and for drive voltages
>1.5 VRMS almost double with respect to those obtained at
higher pressure. This effect is shown in FIG. 4(b), in which
the measured VmaxSM are reported versus the experimental A
max
as blue diamonds and red squares for drive voltages lower and
higher than 1.5 VRMS, respectively. From the model it is pos-
sible to demonstrate that the two sets of experimental points
arise from different external optical lengths, named L10 and
L20. For drive voltages ≤ 1.5 VRMS, data are matched by a
linear trend with the same slope coefficient as in FIG. 3(b),
which results from the model using the membrane distance
L0 = L10. For voltages > 1.5 VRMS, the slope increases to
0.39± 0.01 µV/nm corresponding to an external cavity op-
tical length L0 = L20 = L
1
0 + 7 µm. This difference in slope
efficiency (or equivalently the SM voltage sensitivity to dis-
placement) can be explained by observing FIG. 4(c) in which
the calculatedVmaxSM (corresponding to A
max = 600±5 nm for a
drive bias of 2VRMS) is plotted (solid curve) against the mem-
brane position. As shown in the inset, the spatial range re-
ported here is a quarter of the SM signal period, i.e. from
the top of a fringe, at which the maximum static SM signal
is measured (Position=0), to the bottom of the same fringe.
It can be observed that the SM voltage sensitivity monotoni-
cally increases moving away from the position of maximum
static SM voltage. The lower and higher sensitivities evident
in FIG. 4(c) correspond to a distance from the maximum static
SM voltage of ∼ 12 µm and ∼ 19 µm, respectively, which in
turn agree with the corresponding slopes of the static SM sig-
nal at these positions, highlighted in the inset. In fact, since
we were considering displacements Amax λ/2, the SM volt-
age sensitivity is expected to be proportional to the derivative
of the static SM signal. FIG. 4(c) thus reveals that in prin-
ciple a sensitivity of ∼ 0.83± 0.02 µV/nm can be achieved
in our system by fixing L = L0± 22 µm such that the oper-
ating point is close to the minimum of the static SM voltage
(corresponding to the maximum slope).
In conclusion, we have experimentally demonstrated the
detection of deeply subwavelength vibrations (< λ/6000) by
LFI in the THz frequency range and using as an external el-
ement a suspended Si3N4 membrane. The SM voltage sig-
nal arising across the THz QCL active region in response to
nanometer oscillations of the membrane was reproduced and
uniquely determined by numerically solving the LK model in
the steady state regime. The membrane oscillation amplitudes
determined from the SM measurements were also found to
be in agreement with those measured using a standard laser-
Doppler vibrometric technique. The described LFI appara-
tus can thus constitute a platform for the characterization of
the mechanical response of a variety of systems with a pre-
cision comparable to that achieved at near-infrared or visible
frequencies. Moreover, the proposed system can be employed
and implemented for optomechanical applications where the
suspended membrane is driven by the radiation pressure; the
realization of an optomechanical system constituted by two
different lasers coupled through the mechanical motion driven
5by radiation pressure represents a promising perspective.
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